The traditional way of rationally engineering enzymes to change their biocatalytic properties utilizes the modifications of their active sites. Another emerging approach is the engineering of structural features involved in the exchange of ligands between buried active sites and the surrounding solvent. However, surprisingly little is known about the effects of mutations that alter the access tunnels on the enzymes' catalytic properties, and how these tunnels should be redesigned to allow fast passage of cognate substrates and products. Thus, we have systematically studied the effects of single-point mutations in a tunnel-lining residue of a haloalkane dehalogenase on the binding kinetics and catalytic conversion of both linear and branched haloalkanes. The hotspot residue Y176 was identified using computer simulations and randomized through saturation mutagenesis, and the resulting variants were screened for shifts in binding rates. Strikingly, opposite effects of the substituted residues on the catalytic efficiency toward linear and branched substrates were observed, which was found to be due to substrate-specific requirements in the critical steps of the respective catalytic cycles. We conclude that not only the catalytic sites, but also the access pathways must be tailored specifically for each individual ligand, which is a new paradigm in protein engineering and de novo protein design. A rational approach is proposed here to address more effectively the task of designing ligand-specific tunnels using computational tools.
Introduction
Enzymes are specialized proteins that catalyze chemical reactions in their active sites. In many cases, the active sites are buried deep in the protein core and can only be reached by substances in their surrounding environment through one or several access tunnels [1, 2] . Thus, these molecular tunnels have the potential to precisely control the entry or exit of substrates, products, ions, and solvents [3] . Moreover, their size, geometry, dynamics, and physicochemical properties can strongly influence the enzymes' activity, stability, Abbreviations aMD, accelerated molecular dynamics; CD, circular dichroism; CHA, 1-chlorohexane; DCP, 2,3-dichloropropan-1-ol; FP, fluorescence polarization; HAOL, 1-hexanol; HLD, haloalkane dehalogenase; IPTG, isopropyl b-D-1-thiogalactopyranoside; IR, infrared; LIE, linear interaction energy; MD, molecular dynamics; MTPs, microtiter plates; NMR, nuclear magnetic resonance; PDB, Protein Data Bank; SD, standard deviation; SEM, standard error of the mean; TCP, 1,2,3-trichloropropane; TMR, tetramethylrhodamine (HaloTag ligand from Promega).
substrate specificity, and enantioselectivity [4] [5] [6] . The catalytic importance of enzyme tunnels has been demonstrated for varied systems, such as tryptophan synthase [7] , lipase [8] , cytochrome P450s [9] , haloalkane dehalogenase (HLD) [10] , and polyamine oxidase [11] .
Another class of dynamic structures that play important roles in protein functions is that of molecular gates [12] . Generally, molecular gates are formed by residues (often of bulky aromatic amino acids) that can reversibly adopt 'open' and 'closed' conformations. The gates in enzymes, together with the access tunnels, control substrate selectivity by discriminating between various substrate molecules [12, 13] . They can regulate the transport of ligands, protect distinct regions of proteins from solvent access, and synchronize molecular processes occurring in remote regions of proteins [14] .
Enzymatic catalysis is a complex process that involves multiple reaction steps. The catalytic cycle of an enzyme containing a buried active site necessarily involves the transport of the substrate and its binding to the active site, chemical reactions involving bond breaking and bond formation, followed by the release of the resulting products to the bulk solvent [15] . The slowest (and hence the rate-limiting) step in the overall catalytic cycle of an enzyme may be any of the transport processes involved in substrate entry [16] or product release [17, 18] , substrate binding to the enzyme active site [16] or one of the catalytic steps.
Enzymes have been widely used for diverse applications, such as the production of pharmaceuticals, fine chemicals, biofuels, and food additives [19] . In many cases, enzymes are tailored by protein engineering to overcome existing natural limitations and introduce new functionalities [20, 21] . Notably, de novo protein design can introduce novel catalytic functions into selected protein scaffolds [22, 23] . For example, enzymes catalyzing Diels-Alder [24] and Kemp elimination [25] reactions have been successfully designed. Apart from designing active sites in existing protein folds, the introduction of functional de novo tunnels in protein structures is also possible, and can dramatically affect enzymatic catalysis [26] . Thus, both engineering of existing access tunnels and the introduction of de novo tunnels afford numerous possibilities for obtaining more useful and efficient biocatalysts.
Haloalkane dehalogenases (EC 3.8.1.5) catalyze the cleavage of carbon-halogen bonds in halogenated hydrocarbons by a hydrolytic mechanism leading to the corresponding alcohol, a halide ion, and a proton [27] (Fig. 1 ). These enzymes possess buried active sites connected to the exterior environment by several access tunnels, and modification of these tunnels has had profound effects [28, 29] . Engineering of a single residue located in the mouth of an access tunnel of the HLD LinB has resulted in modulation of its enzymatic activity and specificity [30] . The modification of an access tunnel in the HLD DhaA has led to the identification of variants with enhanced stability at high temperatures and in the presence of organic co-solvents although with a decreased activity [29] . Further alterations in the tunnel's geometry resulted in enzyme variants with balanced activity and stability [31] . Moreover, a focused mutagenesis of the access tunnel in DhaA resulted in the identification of a superior variant, DhaA31, with considerably improved activity toward the anthropogenic toxic substrate 1,2,3-trichloropropane (TCP) [28] .
In the study reported herein, the main access tunnel of the HLD DhaA31 was semi-rationally engineered to assess the effects of tunnel's properties on the enzyme's activity and kinetics toward structurally diverse substrates. The substrates were two small molecules -1-chlorohexane (CHA) and TCP -and two fluorescent molecular probes -a CHA-like probe (HaloTag TMR) [32] and a TCP-like probe (Fig. 2) . The residue Y176 in DhaA31 was identified as highly influencing the properties of the enzyme's access tunnel, and hence it was selected for site-saturation mutagenesis to modulate the tunnel's properties. The effects of mutations on the enzyme's kinetics with selected substrates and binding rates with corresponding molecular probes were then analyzed. Some of the generated variants displayed dramatic improvements in binding rates. Moreover, the tunnel-affecting mutations had opposite effects on the enzyme's activity toward linear and branched substrates, implying that it is important to tailor the tunnel geometry in a ligand-specific manner. To our knowledge, this is the first study showing opposite effects on different substrates upon the mutation of a single tunnel residue.
Results

Identification of a key residue for modifying the access tunnel
First, DhaA31 was studied computationally to investigate the flexibility of its structure and the dynamics of its access tunnels, and then to identify the critical residues governing the tunnel opening and closure. Because all the access tunnels present in the crystal structure of DhaA31 (PDB-ID 3RK4) are closed (radii ( 1.4 A), we performed both classical and accelerated molecular dynamics simulations (MD and aMD, respectively) with DhaA31 (4 9 500 ns MD and 4 9 200 ns aMD simulations). All simulations were stable, with RMSD values for the backbone atoms of 0.94 AE 0.08 A over the four 500 ns MD replicates, and 1.76 AE 0. 34 A for the four 200 ns aMDs. As expected, the structural variation (measured by the fluctuation around the average) was higher for the aMDs than for the MDs due to the higher rates of conformational transitions. This confirms that the aMDs sampled considerably larger conformational spaces than the MDs, and hence they could provide more valuable information regarding infrequent events occurring with this system.
The tunnels were calculated with CAVER 3.02 software [34] for all snapshots in those simulations. Based on the fraction of snapshots with the detected tunnels and the respective opening rates (a tunnel is considered open if its radius is ≥ 1.4 A), it was found that the only relevant tunnel in DhaA31 is the p1 tunnel, known to be the main tunnel in most HLDs [28, 34, 35] (Table S1 ). Some of the parameters obtained for the p1 tunnel in these simulations with DhaA31 are (1) binding of the substrate S to the enzyme E, resulting in the Michaelis complex, EÁS; (2) reorganization of the EÁS complex to generate a reactive configuration, EÁS REACT ; (3) chemical steps that convert the halogenated substrate into the alcohol and halide products complexed with the enzyme, EÁP; (4) release of the products P from the EÁP complex. (B) Reaction mechanisms involved in the chemical steps (3) for a halogenated alkane RCH 2 X by DhaA; the catalytic steps are: S N 2, bimolecular nucleophilic substitution, Ad N , nucleophilic addition, and E, elimination. Adapted from Ref. [33, 36] .
presented in Table S2 . These results show that DhaA31 is flexible enough to allow significant variations of its main tunnel, which can open up to remarkable widths of its bottleneck (~3 A). This may explain the considerable activity of this enzyme toward a wide range of substrates [28] . The p1 tunnel's configuration fluctuated between two extreme conformations in these simulations, corresponding to the closed and open states. The fluctuation was stronger in the aMD simulations than in the MDs (Fig. 3) , and the percentage of snapshots in which the tunnel was in the open conformation (where the deviation from the crystal structure with closed tunnel is larger) was higher in the aMDs. The residues defining the tunnel bottleneck were obtained from CAVER (Table S2) . Y176 was among the three most frequent residues shaping this bottleneck region during those simulations, suggesting that it plays a critical role in determining the tunnel's dynamics and ability to transport the substances to and from the active site.
An initial in silico study aimed at assessing the dynamic properties of several single-point mutants at positions 149, 168, and 176 revealed that the mutants at position 176 displayed the highest variability in terms of tunnel properties (data not shown). We have recently demonstrated the high importance of the residue at the position 176 for the increased activity of DhaA31 toward TCP with respect to the wild-type DhaA (DhaAWT) [36] . Moreover, transient kinetics experiments have revealed that the rate-limiting step in the conversion of TCP to 2,3-dichloropropan-1-ol (DCP) by DhaA31 is the release of the product, which can be impacted by the residue Y176 [36] . All this background considered, the bottleneck residue Y176 was selected for site-saturation mutagenesis to modulate the tunnel properties, aiming at improving the catalytic activity of DhaA31 by changing the rates of ligand exchange. Initially, we expected that the TCP substrate binding and the DCP product release would be coupled for DhaA31, and we thus assumed that enhancing the rate of substrate binding would also improve the rate of product release, and consequently the overall enzymatic turnover.
Construction and screening of the mutant library with saturated position 176
A site-saturation mutagenesis library was constructed by targeting the residue Y176 in an inactive form of DhaA31 [37] using a set of degenerate oligonucleotides to introduce all possible mutations at the selected position. This inactive variant of DhaA31, hereafter referred to as DhaA130, consists of the template DhaA31 with a modified catalytic residue, H272F [32, 38] . This mutation will terminate the catalytic reaction at the stage of the alkyl-enzyme intermediate, which allows to easily follow the formation of the enzyme-fluorescent probe covalent complex. The constructed library was cultivated and screened in microtiter plates (MTPs) for altered binding kinetics with the TMR probe using the optimized fluorescence polarization (FP) method, which has successfully captured differences in the binding kinetics of previously studied DhaA variants with modified tunnels [37] .
Characterization of mutants using circular dichroism spectroscopy and binding kinetics
The screening of the library resulted in the identification of several mutants with varied binding kinetics. These variants, covering a wide range of binding rates, from fast through moderate to slow, included five single-point mutations (DhaA130 + Y176C, DhaA130 + Y176L, DhaA130 + Y176S, DhaA130 + Y176A, 
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The FEBS Journal 285 (2018) 1456-1476 ª 2018 Federation of European Biochemical Societies and DhaA130 + Y176V). These variants were structurally and biochemically characterized and their properties were compared to those of DhaA130. Circular dichroism (CD) spectra recorded in the far-UV region suggested proper folding of the variants (Fig. S1) . These variants were then thermally denatured to determine the effects of their respective single-point mutations on thermal stability ( Table 1 ). The Y176L substitution resulted in stabilization of the protein by approximately 4°C, while the incorporation of Y176S and Y176V substitutions caused destabilization by 2 and 10°C, respectively. Y176C and Y176A substitutions had no apparent effect on the protein's stability in the test conditions. The kinetics of the TMR probe's binding to the purified DhaA130 variants was also measured using the FP method to evaluate the effects of each substitution on the enzyme's binding efficiency. The determined binding constants (k bind ) of the mutants were compared to that of DhaA130 (Table 2 and Fig. 4 ). DhaA130 + Y176A showed the highest increase in the binding rate (three orders of magnitude faster than that of DhaA130) of the tested variants, presumably due to the opening of the access tunnel caused by replacing the bulky tyrosine with the smaller alanine residue. The TMR probe's binding rate correlated positively with the predicted opening of the variants' access tunnel (r open.rate = 0.89; Table 2 ).
Characterization of mutants using steady-state kinetics
To analyze the correlation between the variants' binding rates and the catalytic properties, it was essential to reconstitute their enzymatically active forms. For this purpose, the catalytic residue 272 was converted from phenylalanine (F272H) back to histidine by sitedirected mutagenesis. The resulting active enzymes are referred to as DhaA31 + Y176C, DhaA31 + Y176L, DhaA31 + Y176S, DhaA31 + Y176A, and DhaA31 + Y176V. The CD spectroscopic analysis in the far-UV spectral region confirmed that these variants' folding and secondary structure did not differ significantly from that of DhaA31 (Fig. S1 ). Thermal denaturation experiments revealed that Y176C, Y176S, Y176A, Y176V substitutions destabilized the DhaA31 protein by 1-8°C, but the Y176L substitution increased its stability by nearly 6°C (Table 1) .
To study the changes in enzyme activity toward TCP caused by the mutations introduced at position 176, steady-state kinetics of the variants were measured and compared to those of DhaA31 (Tables 2  and 3 ). The Y176C, Y176A, Y176S, and Y176V substitutions caused an order of magnitude reduction in the turnover number (k cat ) compared to that of DhaA31, but their affinity for TCP (as expressed by K m ) was similar or slightly enhanced. These substitutions also considerably suppressed the substrate inhibition. The lower catalytic efficiencies of these variants (expressed by k cat /K m ) relative to DhaA31 were mainly caused by the observed reduction in k cat . In contrast, DhaA31 + Y176L exhibited a slightly improved k cat compared to DhaA31, with no change in K m , which eventually resulted in the improved catalytic efficiency of this variant toward TCP (Table 3) .
Unexpectedly, the Pearson correlation coefficients between the rate of the TMR probe binding to the tested DhaA130 variants and their corresponding active DhaA31 counterparts' catalytic parameters k cat and k cat /K m were negative (r bind = À0.53 and À0.54, respectively; Table 3 ) . The observed negative correlations may be due either to the structural dissimilarity between the TMR probe and the TCP substrate or to the fact that the substrate binding and the product release are uncoupled processes for TCP. Thus, the selected enzyme variants were studied with another substrate, CHA, as its alkyl chain mimics the structure of the TMR probe more closely than TCP.
The steady-state kinetics of DhaA31 variants toward CHA was also measured (Tables 2 and 3 ). A 1.3-to 3.5-fold increase in k cat was observed for all mutants, except DhaA31 + Y176V (which exhibited a similar k cat to DhaA31), and a 2.2-10 fold decrease in K m was observed for all mutants except DhaA31 + Y176L. The increase in k cat and the accompanying reduction in K m resulted in improved catalytic efficiencies for DhaA31 + Y176C, DhaA31 + Y176S, DhaA31 + Y176V, DhaA31 + Y176A variants toward CHA, while DhaA31 + Y176L exhibited a similar catalytic efficiency as DhaA31 (Table 3) . We also found positive correlations between the catalytic parameter k cat of DhaA31 variants toward CHA and the binding rates of the CHA-like probe to the corresponding DhaA130 variants (r bind = 0.57; Table 3 ). The significant differences in these trends compared to those observed for the TCP conversion show that the binding rates and enzyme kinetics are ligand-specific.
The structure-function relationships were analyzed in an attempt to rationalize the steady-state kinetic parameters observed in terms of the physicochemical properties of the introduced amino acid residue (Table S3 ). It was observed that k cat and k cat /K m were correlated with the volume, surface area, hydrophobicity, and hydrophilicity of the amino acid residue (absolute coefficient values between 0.5 and 0.9), but not with polarity. Interestingly, the correlations for TCP and CHA substrates with each its property had opposite trends: while k cat and k cat /K m for the TCP correlated positively with the volume, surface area and hydrophobic character, for CHA it was the opposite. The K m values for TCP displayed substantially lower correlation coefficients with the same properties than k cat . Interestingly, K m for TCP and CHA followed the same trends, decreasing with the increase in volume, surface area, and hydrophobic character of the residue 176. This fact demonstrates that the properties of the substituted amino acid have a similar influence on the binding of TCP and CHA. As a consequence, this implies that the step of substrate binding has a different impact on the overall catalytic conversion for these two substrates (as shown by the different effects on the k cat values). The binding rate of the CHA-like probe k bind also showed some correlation with those properties, following the same trend as k cat for the CHA substrate. Overall, according to the above-mentioned correlation coefficients (Table S3) , the structure-function relationships suggest that bulkier and more hydrophobic amino acid substitutions at the position 176 accelerate the catalytic conversion of TCP (k cat ), but reduce that of CHA, the binding of both substrates (K m ) and the binding of the CHA-like probe (k bind ).
Characterization of mutants using pre-steadystate kinetics
Pre-steady-state burst analysis was performed to investigate the rate limitation in the conversion of TCP and CHA by DhaA31. As described earlier by Pavlova et al., the catalytic cycle of DhaA31 toward TCP is limited by the product's release [28] , since a clear presteady-state burst of both chloride and alcohol products were observed upon rapid mixing of DhaA31 with TCP ( Fig. 5A ). This suggests that none of the chemical steps leading to the formation of both of the reaction products are rate-limiting for the enzyme. Contrary results were obtained for CHA: the presteady-state burst of chloride production and the absence of alcohol product burst observed upon rapid mixing of DhaA31 with CHA indicated that the hydrolysis of the alkyl-enzyme intermediate leading to the formation of the alcohol product is the slow ratedetermining step of CHA conversion catalyzed by DhaA31 ( Fig. 5B and Table 4 ). This implies that the access of the water molecules to the active site may have a determining effect on the hydrolysis of CHA by DhaA31. Table 3 . Steady-state kinetic parameters of DhaA31 variants toward TCP and CHA.
Substrate
Enzyme 
Analysis of access tunnels using computer simulations
Aiming at a deeper understanding of the structural basis for explaining the mutations' effects on the catalytic hydrolysis of TCP and CHA and on the binding of the fluorescent probe, we have studied the properties of the access tunnels by in silico methods. The structures of the target mutants of DhaA31 were constructed using ROSETTA software [39] . MD simulations were then performed with each protein to evaluate the dynamic properties of their structures. CAVER software was used to calculate the tunnels in the initial structures and during the simulations. The results of these calculations are presented in Table 2 .
As expected, the main (p1) tunnel in these mutants was highly varied, with bottleneck radii in their static structures ranging between 0.88 and 1.71 A (Table 2 and Fig. 6 ). The Y176L and Y176A mutants had the narrowest and the widest tunnels, respectively. The rates of the tunnel opening in the MD simulations were strongly correlated with both the bottleneck radii of the respective static structures (r open.rate = 0.96) and the maximum opening radii observed in each simulation (r max.rad = 0.83). The comparison of the main tunnel's properties with the kinetic parameters yielded interesting correlations ( Table 2 ). The catalytic efficiency (k cat /K m ) of the DhaA31 variants toward TCP was negatively correlated (r open.rate = À0.82) with the tunnel opening rates and the maximum bottleneck radii (r max.rad = À0.93), which means that variants with narrower tunnels are, in general, more active toward this substrate. Conversely, the catalytic efficiency of the enzymes toward CHA was positively correlated with those parameters, especially the maximum radii (r max.rad = 0.70). The binding rates of the CHAlike probe (k bind ) to the tested enzymes were positively correlated with the opening rates of the main tunnel (r open.rate = 0.89), reflecting that increases in the rates of tunnel opening promote the binding of the probe, similarly to the trend observed for the catalytic conversion of CHA.
The geometric and dynamic properties of the p1 tunnel are closely related to the volume of the amino acid residue at the position 176 (Pearson correlation factor between volume and the tunnel opening rate of À0.88). For this reason, it was expected that the catalytic and kinetic parameters were also highly correlated with the tunnel radii and tunnel opening rates, but inversely from what had been observed for the volume and hydrophobicity in the structure-function relationships. The relationships discussed here show that the dehalogenation of CHA and the binding of the CHA-like probe are, overall, coupled with the accessibility of the active site to the external environment. However, this is not the case for TCP. Kinetic parameters were determined at 37°C and pH 8.6; the rate of halide burst (k burst ) and the rate for steady-state phase (k ss ) were calculated by fitting the rapid quench data to Eqn (4). -, Not applicable. The SEM values are presented.
In silico analysis of substrate binding and product release
The results of redesigning the molecular tunnel on the enzymatic conversion of TCP and CHA were expected to be connected to the differences in the substrate and product transportation through the same tunnels during the catalytic cycle. However, the changes in the tunnel properties were found to have very different effects on the catalytic hydrolysis of the two substrates by DhaA31 and its variants. This finding demonstrates that TCP and CHA have mechanistically different catalytic bottlenecks. To further investigate these differences, we decided to study the transport of those substrates and the corresponding products through the tunnels of DhaA31 using MD simulations.
We performed MD and aMD simulations of DhaA31 in the presence of TCP and CHA in the bulk solvent at the experimental concentration (three molecules of substrate per protein molecule). The binding of substrate molecules into the protein tunnels was detected in both systems. We observed that any binding or release events with DhaA31 occurred exclusively ) of each variant toward CHA and TCP (B). The red parts of the surfaces represent the areas of contact with the catalytic residues. The error bars represent the SEM (n = 4 for the tunnel opening rates of DhaA31 and n = 2 for the mutants; n = 3 for the kinetic parameters).
through the p1 tunnel, confirming its functional importance for the enzyme. This was also reflected in the tunnel's opening rates, which were, in every case, higher than those observed for the unbound DhaA31 (12.6 AE 1.0 in MDs and 17.4 AE 5.4 in aMDs; compare with Table 5 ), demonstrating that the transit of substances through the tunnel induces its opening [40] . This finding illustrates how enzymes with apparently occluded active sites or very narrow access tunnels can still display catalytic activity due to the substrate and/ or product induced-opening of the tunnels. We found that both TCP and CHA could enter DhaA31's main tunnel reaching distances < 6
A from the active site, even within the timescales surveyed by the MDs (Tables 5 and 6 and Fig. S2) . The simulations showed a significantly higher number of binding events with CHA than with TCP (P value 0.045 for the aMDs). Consequently, CHA spent significantly more time inside the p1 tunnel (< 9
A from the active site) than TCP (P value 0.002; see Table 5 ). This is in good agreement with the higher affinity of DhaA31 with CHA as compared to TCP (K m 0.020 and 0.87 mM, respectively; see Table 3 ). Moreover, the release of CHA after entering the tunnel (at distances < 6
A from the active site) occurred in both MD and aMD simulations, but no release of TCP was observed within the time frame of our simulations.
We also performed simulations with DhaA31 containing DCP or 1-hexanol (HAOL) and the chloride products in its active site. No release of DCP from DhaA31 was observed in the MD simulations, while HAOL was released several times (Table 5 ). In the aMDs, which sample the equivalent to longer time scales, some unbinding events of DCP were observed (Fig. S3) . On the other hand, HAOL was released from DhaA31 significantly more frequently than DCP (P value 0.013; Tables 5 and 6 ). The residence times of DCP and HAOL provided corroborative indications of this difference, with HAOL spending more time outside the protein than DCP (Table 5 ). These simulations thus confirm the remarkable dissimilarity between the release processes of the two products, and are in good agreement with the known fact that the release of DCP from DhaA31 is the slowest step in the catalytic cycle that limits the hydrolytic conversion of TCP by the enzyme [28, 36] . Linear interaction energy (LIE) was calculated in all MD simulations to analyze the interactions of the substrates and products with DhaA31. This method evaluates the overall interaction energy of a ligand with the protein in terms of its polar and nonpolar contributions. Here, we have computed these two components and analyzed them separately based on the distance of the ligand to the active site. The results (Fig. S4) show histogram distributions of those distances with several main peaks. These peaks correspond to protein regions more densely populated by the ligands with which strong interactions were formed during the simulations, as described previously [36] . The energy profiles in terms of the ligand location were quite similar for both TCP and CHA substrates and both DCP and HAOL products. The most interesting differences concerned the tunnel and the active site regions (for distances < 13 A). Here, the CHA and HAOL exhibited stronger van der Waals interactions than their homologs TCP and DCP, respectively. On the other hand, DCP presented significantly stronger electrostatic interactions at the active site than HAOL. These differences clarify some of the observations mentioned above regarding the transport of the ligands through DhaA31's main tunnel. The stronger van der Waals interactions with the tunnel residues presented by CHA, with respect to TCP, explain its faster binding, while the stronger electrostatic interactions shown by DCP, with respect to HAOL, are in good agreement with its slower release.
Overall, the results from our simulations showed that DhaA31 has a different ability for binding the two substrates, as well as for releasing the two alcohol products, and it favors the transport of the CHA/ HAOL pair as compared to the TCP/DCP pair. This might lead to the expectation that enlarging the access tunnel would more significantly improve the catalytic rates with TCP than those with CHA. Surprisingly, the opposite was observed. As discussed below, to explain these observations not only the transport processes of the ligands but (mainly) other more complex factors determining all other steps of the catalytic cycle must be taken into account.
Analysis of binding kinetics using a newly prepared TCP-like fluorescent probe
The binding of the CHA-like probe to the DhaA130 variants was correlated with the catalytic turnover number of the corresponding DhaA31 variants with the CHA substrate. Aiming at clarifying whether this might also be achieved with TCP, we have designed a new fluorescent probe to mimic the structure of this substrate (Fig. 2) , which was chemically synthesized and characterized (see Supporting Information). This TCP-like probe was utilized for the determination of the binding kinetics with the DhaA130 variants. Initially, we attempted to monitor the TCP-like probe's binding kinetics with the previously well-characterized DhaAWT+H272F and DhaA31 + H272F (DhaA130) proteins. However, the binding experiments with these variants were unsuccessful, probably due to extremely slow binding rates (Table 7) . Further binding experiments were therefore conducted with the variant DhaAHT (DhaAWT + K175M + C176G + Y273L + H272F), which has a very wide access tunnel, and significantly higher binding rates with previously tested fluorescent ligands [32, 37] . The binding of the TCP-like probe to DhaAHT was successfully observed, however, it was nearly five orders of magnitude slower than the binding of the CHA-like probe to this protein. Similarly, we observed a very slow binding of the TCP-like probe to DhaA130 + Y176A, which is the DhaA130 variant with the widest p1 tunnel. To corroborate the slow binding of the TCP-like probe, a new variant with an even wider access tunnel was constructed by introducing a K175M mutation to DhaA130 + Y176A. The binding rate of the TCP-like probe to the resulting variant, DhaA130 + Y176A+K175M, nearly doubled but remained much slower than the CHA-like probe's binding (Table 7 ).
These results demonstrate that the TCP-like probe does not reliably depict the enzymatic activity of the HLD variants with TCP. While TCP was best catalyzed by variants with narrow tunnels, the binding of that probe was only possible with variants with wider tunnels. This suggests that the binding of both CHAand TCP-like probes is directly related to the accessibility of the enzyme's active site, which explains why the branched TCP-like probe has much lower binding rates than the CHA-like probe.
Discussion
It has been demonstrated that the molecular tunnels play important roles in the enzymatic catalytic cycle, and therefore the tunnel-lining residues are potential hotspots for engineering the enzymes' properties [6] . The engineering of access tunnels has emerged as an effective approach for fine-tuning the properties of target proteins as well as for de novo designing of catalysts. Mutations of tunnel residues can modulate enzyme properties including catalytic activity [28, 41] , enantioselectivity [42] , stability [29] , and substrate specificity [30, 43] . In this study, Y176 was successfully identified by computational methods as a hotspot residue markedly influencing the properties of DhaA31's access tunnel (geometry, dynamics, and physicochemical nature), and it was subjected to site-saturation mutagenesis. The mutagenesis of the selected hotspot residue Y176 led to the identification of new enzyme variants with modified binding efficiency toward the CHA-like probe. The structural characterization of the selected variants harboring substitutions at the targeted tunnel position revealed that they did not significantly differ from DhaA31 in folding, but their thermostability varied substantially. The difference in melting temperatures between the most and least thermally stable mutants (DhaA31 + Y176L and DhaA31 + Y176V) was 13.9°C, which is remarkable for a single-point mutation. We have previously demonstrated that engineering tunnel residues might have a large impact on the protein' stability as well as their tolerance to organic co-solvents [29] . This can be explained by the repacking of the tunnel-lining residues: when the number of contacts within the protein tunnels is increased, the free energy of the folded state is lowered, thus leading to a greater stability. The mutagenesis of the residue Y176 in the inactive variant DhaA130 (DhaA31 containing a mutation of the catalytic base, H272F) has substantially affected the binding kinetics of the fluorescent probe to the selected variants. Interestingly, the effects of the mutations on the tunnel geometry of the static structures provided similar trends as the ensemble obtained from the molecular dynamics (MD) simulations, namely the rates of tunnel opening. The binding of the CHA-like probe was highly correlated with the bottleneck radius and the opening rates of the p1 tunnel, which indicates that the tunnel geometry and opening rate are major factors determining the binding of this probe. The binding rates of the TCP-like probe were 3-4 orders of magnitude slower than those of the CHA-like probe to the same variants. This was probably due to the much higher steric hindrance of the branched TCP-like probe that impaired its ability to penetrate the molecular tunnels and reach the active site of the enzymes, as compared to the linear chain of the CHA-like probe. Surprisingly, the mutations' effects on the enzyme variants' catalytic efficiencies toward the two chemically rather similar substrates, CHA and TCP, showed opposite trends. The opening of the tunnel by the mutagenesis of Y176 increased the catalytic efficiency toward CHA but reduced the efficiency toward TCP. This clearly demonstrates that the effects of the tunnel engineering are strictly ligand-specific. Different ligands possessing specific geometries and physicochemical properties may require a different composition and geometry of the access tunnels. This is partly due to the fact that the tunnel modification has a different impact on the individual steps of the catalysis, which needs to be carefully taken into account. In the case of the HLDs, the catalytic cycle includes diverse steps (Fig. 1) , which can turn the enzyme optimization quite a challenging task.
The linear monohalogenated substrate CHA is very similar to the DhaAWT's natural substrate, 1-chlorobutane. The enzyme has evolutionarily been adapted to catalyze this substrate, which is easily degradable due to the single halogen atom bound at the terminal carbon atom of the flexible linear alkyl chain [44, 45] . Here, we have shown that the hydrolysis of the alkyl-enzyme intermediate is the rate-limiting step for the conversion of CHA by the template enzyme DhaA31. This means that enlarging the access tunnel is likely to increase the access of water molecules to the active site, which may result in the improvement of the hydrolytic step. This may explain why the activity of the DhaA31 variants toward CHA improved, up to a certain point, with increasing the bottleneck radius of the main tunnel. For variants carrying the substitutions Y176S and Y176A and exhibiting the largest bottleneck radii, the catalytic efficiency decreased again (Table 2 and Fig. 6 ), which may be due to a change in the rate-limiting step. Concerning TCP, this branched polyhalogenated substrate is a man-made compound for which no good natural biocatalyst is known. The three chlorine atoms on the adjacent carbons sterically hinder the nucleophilic attack. A previous study has shown that the rate-limiting step for the conversion of this substrate by DhaA31 is the product release [28] . Hence, it could be expected that enlarging the access tunnel would favor the DCP product release and improve catalysis. This was, however, not confirmed. A comprehensive computational work [36] has recently shown that the hydrolysis of TCP was enhanced from DhaAWT to DhaA31 due to the substantial improvement of the S N 2 step, which was initially the limiting step in DhaAWT. That study demonstrated that the mutations V245F and C176Y were responsible for such improvements. These mutations caused a tighter confinement of the TCP substrate in the active site and favored its orientation to increase the probability of the S N 2 reaction, and at the same time decreased the respective energy barrier [36] . In the current study, we observed that the mutation of the bulky Y176 to a smaller amino acid resulted in a lower catalytic efficiency, which suggests that the S N 2 step, that had been improved from DhaAWT, was probably hampered again, either due to the increase in the unproductive conformations of TCP in the active site or due to a higher competition with water molecules. This may also explain why the TCP hydrolysis was impaired further by enlarging the access tunnel. The only mutation that slightly improved the catalysis with TCP was Y176L. This mutation was shown to cause a narrowing of the tunnel bottleneck and a decrease in the opening rates of the free enzyme. However, as we observed before (this study and Ref. [36] ), the presence of a ligand can induce tunnel opening, and in fact it is possible that the Y176L mutation may have facilitated the product release, which was the limiting step for DhaA31. This might explain the enhancement of the catalytic process observed with the Y176L mutant.
Our MD simulations have revealed that DhaA31 can better transport the CHA/HAOL pair than the TCP/DCP one. This fact may contribute to its higher catalytic efficiency with CHA as compared to TCP, and to the different kinetic profiles toward these two substrates. Likewise, the interactions of those ligands with the protein may also partially explain their different kinetics. As mentioned above, DhaAWT seems to have evolved to better accommodate and hydrolyze linear haloalkanes than the branched polyhaloalkanes, and DhaA31 bears this heritage. Moreover, the requirements for improving the limiting step in the conversion of CHA are substantially less complex, and it could be improved 10-fold by simply increasing the accessibility of the solvent to the enzyme's active site to a certain extent. This explains why the tunnel engineering was far more straightforward and successful for CHA. Conversely, the catalysis of TCP requires a delicate balance between the S N 2 reaction and the product release [36] , but these steps have very different requirements: while the product release is favored by a larger access tunnel, the S N 2 is disfavored by a larger active site and by the competition with water molecules [28, 36] . This makes the engineering of a biocatalyst targeting TCP extremely challenging.
To the best of our knowledge, this is the first study showing opposite effects of the mutations of a tunnel residue on the catalytic efficiency toward two different substrates. This result is remarkable considering that the mutated residue is not in direct contact with the substrates in their reactive complexes, but is lining the pathway connecting the active site with the protein surface. Our understanding of the molecular mechanisms of substrate binding and product release is still very limited, and we are at the very beginning of rationally designing optimal tunnels for specific ligands. Along this line, two new CAVER-based [34] software toolsCaverDock, for predicting the trajectory and energy profile of a ligand travelling along a tunnel (https://losc hmidt.chemi.muni.cz/caverdock/), and Cavetta, for performing rational mutations on the tunnel-lining residues (https://loschmidt.chemi.muni.cz/cavetta/) -are being developed in our laboratory for computationally aiding the tunnel engineering. The approach undertaken in this work involved a semi-rational strategy, which included the identification of a hotspot residue by computational methods, the site-saturated mutagenesis of the identified hotspot, and a screening for identifying potentially interesting mutants (Fig. S5A) . In a fully rational approach, the available computational tools would be used for in silico mutagenesis and to study the mutants' properties to identify the promising ones. Such a workflow (Fig. S5B) would decrease the experimental burden and simultaneously increase the chances of success. In time, we hope that the new computational tools and the accumulated knowledge on the design of enzyme tunnels will facilitate the task of protein engineers to create efficient and stable biocatalysts.
In summary, our results showed that the geometry and dynamics of the access tunnels may have different effects on the binding and catalysis of different ligands. Moreover, our findings demonstrated that the enzyme tunnels must be engineered by taking into account not only the geometry, dynamics, and physicochemical properties of particular residues, but also how the mutations may affect critical steps of the catalytic cycle, which can be highly dependent on the substrate. Thus, a careful ligand-specific design of these tunnels may be necessary for a successful development of robust and efficient biocatalysts with buried active sites.
Materials and methods
Molecular dynamics with unbound enzymes
System preparation and molecular dynamics
The crystal structure of DhaA31 was obtained from the Protein Data Bank [46] (PDB entry 3RK4) and the structure was prepared as previously described [36] . The system was hydrated with a TIP3P [36] truncated octagonal box of water molecules with edges 10 A away from the original system. The ff12SB force field [48] [49] [50] [51] was used. The PMEMD.CUDA [52, 53] module of AMBER 12 [54] was used for running the MD simulations. A cycle of equilibration minimization and dynamics was performed, prior to the production dynamics, and the production MD simulations were run with no restraints for 500 ns, as described previously [36] . Independent minimization-equilibrationproduction sequences were performed in quadruplicate.
The accelerated MD (aMD) method consists of adding a boost of energy to decrease the depth of the energy basins and thus increase the transitions between conformational states [55, 56] . Since the energy barriers are reduced, the conformational sampling is enhanced. This method has been used to explore a greater conformational space of biomolecules than would be possible with the classical MD, being equivalent to timescales more than three orders of magnitude larger. Hence, it can be very useful for studying systems with slow conformational dynamics (ls-ms time scales) [57] [58] [59] [60] [61] [62] [63] . Dual torsional and total potential energy boosts were applied to our systems with parameters calculated as previously described [36] . The aMD simulations were carried out with the PMEMD.CUDA [52, 53] module of AMBER 12 [54] . They were performed without any constraints after the systems were fully equilibrated, as previously described for the MD simulations, and run in a total of four replicates of 200 ns each. Post-simulation treatment and analysis, namely structure alignment and calculation of RMSD, distances and linear interaction energies, were performed using the CPPTRAJ [64] module of AmberTools 14 [65] , and the trajectories were visualized using PYMOL 1.7.4 [66] and VMD 1.9.1 [67] .
Tunnel calculation
CAVER version 3.02 [34] was used to calculate the tunnels in the static structures and all simulations of the proteins. The tunnels were calculated for every snapshot of each simulation using a probe radius of 1.0 A, a shell radius of 3 A, and shell depth 4
A. The starting point for the tunnel search was a point in the center of the active site cavity, defined by the geometric center of four atoms from surrounding residues (Y176-C b , F205-C a , L209-C a , and H272-C a for DhaA31, or equivalent atoms in the mutants). This point is hereafter regarded as the center of the active site. The clustering of the tunnels during the MD and aMD simulations was performed by the average-link hierarchical Murtagh algorithm, with a weighting coefficient of 1 and clustering threshold of 5.0. Approximate clustering was allowed only when the total number of tunnels was higher than 100 000 and it was performed using 15 training clusters. A tunnel was considered open when the radius of its narrowest point, the bottleneck, was ≥ 1. 4 A.
Simulations with mutant enzymes
Mutagenesis with Rosetta and molecular dynamics
The crystal structure of DhaA31, treated as previously described, was renumbered to start from the position 1 and minimized by Rosetta using minimize_with_cst module, as previously described [39] . Both backbone and side chain optimizations were enabled (sc_min_only false), the distance for full atom pair potential was set to 9 A (fa_max_dis 9.0), standard weights for the individual terms in the energy function were used (force field also called score12 [39] ) with constraint weight 1 (constraint_weight 1.0). The minimized DhaA31 structure was then used for the prediction of the single-point mutants: Y176A, Y176C, Y176L, Y176S, and Y176V. To calculate the most stable conformer of each mutant, Protocol 16 was followed using the ddg_monomer module of Rosetta as previously described [39] , incorporating the backbone flexibility. The soft-repulsive design energy function (soft_rep_design weights) was used for repacking side chains and backbone minimization (sc_min_only false). The optimization was performed on the whole protein without distance restriction (local_opt_only false). The previously generated constraints cst file was used during minimization (min_cst true) to impose a restraint of 0.5
A on the C a atoms. The optimization was performed in three rounds with everincreasing weight on the repulsive term (ramp_repulsive true). The structure with the lowest energy (mean false, min true) was selected from the 50-iteration cycle (iterations 50) and used as the static structure of the respective mutant.
The output PDB files from Rosetta were used to prepare the topology and trajectory input files for performing the MD simulation, as described above. The MD simulations were carried out without any constraints and with the same settings as previously described, but in this case in duplicate runs of 200 ns.
Molecular dynamics with ligands
System preparation and molecular dynamics
The structures of TCP, CHA, DCP, and HAOL were constructed and minimized using Avogadro 1.1.1 [68] , optimized by the R.E.D. server [69] with the Hartree-Fock method and 6-31G* basis set and the multi-orientation RESP fitting performed with the RESP-A1A charge model. The initial structures of DhaA31 with the CHA and TCP substrates were prepared using PYMOL 1.7.4 by manually placing three molecules of the substrate (corresponding to the experimental concentration of ca. 0.01 M) at distances ≥ ca. 5.0
A away from any atom of the protein, each along with a different Cartesian axis. The systems containing the DCP and HAOL products were prepared by including the chloride ion present at the halide-binding site of the crystal structure of DhaA31, and those alcohol products docked into the active site by AutoDock 4 [70] . The structures of DhaA31 complexed with the ligands were hydrated with a truncated octagonal box of TIP3P water molecules with the edges 12
A away from the protein atoms in the case of the substrates, and a box of water with the edges 10 A away from the protein in the case of the products. The complete procedure has been described in detail previously [36] .
Unrestrained production MD and aMD simulations were run after an equilibration cycle, for 200 and 100 ns, respectively, using the same setting as described above. Independent MD and aMD simulations were performed with each system depending upon the observation of transport events: four MDs with TCP, CHA and HAOL and eight MDs with DCP, and eight aMDs with TCP, CHA and HAOL and 18 aMDs with DCP.
Construction of site-saturation mutagenesis library and site-directed mutagenesis (reverse) were used to carry out the mutagenesis. In selected pET21::dhaA130 variant genes, the phenylalanine at the position 272 was back mutated to histidine which was carried out using QuikChange TM Site-Directed Mutagenesis Kit (Stratagene), to reconstitute the active form of corresponding enzymes. The specific complementary oligonucleotide set was designed to encode the substitution F272H in selected dhaA130 variant genes 5 0 GGTTGATATCGGCCCGGGT CTGCATTTTCTGCAAGAAG 3 0 (forward) and 5 0 GTTA TCTTCTTGCAGAAAATGCAGACCCGGGCCGATATC 3 0 (reverse). The resulting PCR products were then treated by methylation-dependent endonuclease DpnI for 1 h at 37°C. The generated plasmids were transformed into Escherichia coli XJb(DE3) cells (ZymoResearch, Orange, CA, USA) and XL-1 Blue super chemocompetent cells (Stratagene) using the standard electroporation protocol [71] . Candidates from the generated library were randomly selected for DNA sequencing (GATC, Konstanz, Germany). The nucleotide sequences of the variants constructed by site-directed mutagenesis were also confirmed by DNA sequencing.
Cultivation in microtiter plates (MTP) and library screening
Sterile MTP wells were filled with 550 lL of LB medium supplemented with ampicillin at a final concentration of 100 lgÁmL À1 , and each well was inoculated with a single transformant using a sterile tooth-pick. Four wells were inoculated with E. coli XJb(DE3) cells carrying the dhaA130 construct to serve as controls in measurements of its binding kinetics, and four with E. coli XJb(DE3) cells containing the dhaA106 + H272F construct [37] to serve as positive controls during the library screening. Cultures were grown overnight at 37°C with shaking at 180 rpm. After 14 h cultivation, a replicate plate was created by adding 50 lL of each culture from the cultivation plate to 50 lL of 30% glycerol. To 300 lL of each grown culture in the cultivation plate, we then added 700 lL of fresh LB medium supplemented with ampicillin, L-arabinose at 3 mM and isopropyl b-D-1-thiogalactopyranoside (IPTG) at 0.5 mM concentration. MTPs were cultivated at 30°C for 5 h, then the cell cultures were harvested and frozen at À80°C. The constructed library was screened using the FP method previously optimized using cell-free extracts of DhaA enzyme variants prepared in larger volumes [37] . In this study, cell-free extracts of DhaA130 and DhaA106 + H272F were prepared in MTPs and the FP assay was fine-tuned to catch the binding rates of the TMR probe to target proteins directly in the cell-free extract in the MTP. For screening the constructed library, MTPs were defrosted, incubated at room temperature for 15 min, then the cell pellets were rinsed by adding 200 lL of phosphate-buffered saline (pH 7.4) to each well. Cell debris was removed from the lysate by centrifugation at 1600 g for 20 min after 1 h incubation at room temperature. 140 lL portions of cell lysates were transferred to wells of black polypropylene MTPs (Nunc, Roskilde, Denmark) and 0.1% CHAPS detergent was added to each well. In one of the wells, 140 lL of PBS buffer instead of cell lysate was added with detergent to measure the FP of the free probe. Just before the measurements began, the HaloTag TMR probe (Promega, Madison, WI, USA) was added to each well at a final concentration of 10 nM and the plate was carefully sealed with a sealing tape (MiTeGen, Ithaca, NY, USA) to minimize evaporation of samples during the measurements. The excitation/emission wavelengths were set to 544/580 nm for the TMR probe. The measurements were conducted using an Infinite F500 plate reader (Tecan, M€ annedorf, Switzerland) for 3 days for each MTP as very slow binding was noted for template DhaA130 in cell-free extracts. Altogether, 140 colonies were screened for modified binding rates in comparison to the template; the number of tested colonies represented ˃ 98% of library coverage. The screening resulted in the identification of candidates displaying varied binding rates relative to the template, and the corresponding plasmids were isolated and sent for sequencing (GATC).
Protein expression and purification
The recombinant plasmids of pET21::dhaA31 or dhaA130 variants were transformed into chemocompetent E. coli BL21(DE3) cells. For initiating protein production, cells were grown at 37°C to OD 600 0.5 in 1 L of LB medium supplemented with ampicillin (100 lgÁmL À1 ). Expression of the recombinant protein was induced by adding IPTG to a final concentration of 0.5 mM in LB medium. The cells were harvested after the overnight expression at 20°C by centrifugation at 3700 g at 4°C for 10 min. During harvesting, the cells were washed with a 20 mM potassium phosphate buffer (pH 7.5) with 10% glycerol, re-suspended in the same buffer and frozen at À80°C. The defrosted cell suspension was sonicated using a UP200S homogenizer (Hielscher, Teltow, Germany), according to the manufacturer's instructions. The disrupted cells were centrifuged at 21 000 g at 4°C for 1 h. The crude extract was collected, filtered, and applied to a Ni-NTA Superflow Cartridge (Qiagen, Hilden, Germany) in equilibrated buffer (20 mM phosphate buffer pH 7.5 containing 0.5 M NaCl and 10 mM imidazole). Unbound and weakly bound proteins were washed out with the buffer containing 10 mM imidazole. The target enzyme was eluted by purification buffer containing 300 mM imidazole. The eluted protein was dialyzed overnight against 50 mM phosphate buffer, pH 7.5. The purity of the resulting recombinant protein was checked by SDS-polyacrylamide gel electrophoresis (SDS/PAGE), followed by staining with Coomassie brilliant blue R-250 dye (Fluka, Buchs, Switzerland). The concentrations of the purified proteins were determined using Bradford reagent and bovine serum albumin as a standard (Sigma-Aldrich, St. Louis, MO, USA).
Circular dichroism (CD) spectroscopy
Circular dichroism spectra of the DhaA31 and DhaA130 variants were collected at room temperature (20°C) from 185 to 260 nm, at 100 nmÁmin À1 , with a 1 s response time and 2 nm bandwidth using a Chirascan spectropolarimeter (Applied Photophysics, Surrey, UK). A 0.1 cm quartz cuvette containing enzyme in a 50 mM potassium phosphate buffer (pH 7.5) was used for measurement. Each spectrum represented the average of five individual scans, corrected for the absorbance caused by the buffer. CD data were expressed in terms of the mean residue ellipticity. Thermal unfolding of DhaA31 and DhaA130 variants was followed by monitoring ellipticity at 222 nm over the temperature range of 20-80°C, with 0.1°C resolution, at a heating rate of 1°CÁmin À1 . Recorded denaturation curves were fitted to sigmoidal curves using ORIGIN 8.0 software (OriginLab, Northampton, MA, USA). The midpoint of the thermal transition was regarded as the melting temperature (T m ).
Binding kinetics
Fluorescence polarization measurements were acquired using an Infinite F500 plate reader (Tecan), as described previously [37] . The HaloTag TMR probe was purchased from Promega Corporation, while the TCP-like probe was chemically synthesized in the laboratory, and a 5 mM stock was prepared by dissolving it in DMSO. The binding between the HaloTag TMR/TCP-like probe and the purified DhaA130 variants was monitored by changes in the FP over time at room temperature with k ex /k em set to 544/ 580 nm. Each DhaA variant was always in excess relative to the fixed concentration of the probe: TMR (10 nM) and DhaA130 (90 lM), DhaA130 + Y176L (72 lM), DhaA130 + Y176C (12 lM), DhaA130 + Y176V (5 lM), DhaA130 + Y176S (4.9 lM), and DhaA130 + Y176A (4 lM); TCP-like probe (10 nM or 50 nM) and DhaAHT (5 lM), DhaA130 + Y176A (50 lM), and DhaA130 + Y176A + K175M (50 lM). The apparent rate constants were calculated using ORI-GIN 8.0 software (OriginLab) by fitting the experimental data to a kinetic model of a pseudo-first-order rate reaction, then dividing the determined pseudo-first-order rate constants by the concentration of the reactant in excess to obtain apparent second-order rate constants.
Steady-state kinetics
The steady-state kinetics of DhaA31 variants (Y176C, Y176L, Y176V, Y176S, and Y176A) with TCP and CHA were measured using a VP-ITC isothermal titration microcalorimeter (MicroCal, Piscataway, NJ, USA) at 37°C. To measure their steady-state kinetics with TCP, the enzymes were dialyzed against a 100 mM glycine buffer (pH 8.6) overnight. The same buffer was used to dissolve the substrate to a final concentration of 9.7-11.3 mM. A reaction mixture vessel of the microcalorimeter was filled with 1.4 mL of enzyme solution at the concentration of 0.017-0.21 mgÁmL
À1
. The enzyme was titrated in 150-s intervals in the vessel with ever-increasing amounts of the substrate, while pseudo-first-order conditions were maintained. Every injection increased the substrate concentration, leading to a further increase in the enzyme reaction rate (an increase of heat generated) until the enzymatic reaction was saturated. A total of 28 injections were carried out during the titration. The reaction rates reached after every injection (in units of thermal power) were converted to enzyme turnover. To measure the steady-state kinetics toward CHA, the substrate was dissolved in 100 mM glycine buffer (pH 8.6) at a final concentration of 0.14-0.53 mM and allowed to reach thermal equilibrium in the reaction cell (1.4 mL). The reaction was initiated by injecting 10 lL of the target enzyme solution. Each reaction was allowed to proceed to completion. The integrated total heat of reactions was divided by the amount of the injected substrate. Substrate concentrations were verified by gas chromatography (Finnigan, San Jose, CA, USA). The plots of the calculated enzyme turnover versus the TCP concentration and the calculated rate of CHA depletion versus its concentration were fitted by nonlinear regression to kinetic models describing Michaelis-Menten dependence (Eqn 1), substrate inhibition (Eqn 2), or cooperativity and substrate inhibition (Eqn 3) using ORIGIN 8.0 software (OriginLab).
Here, K m is the Michaelis constant, K 0.5 is the substrate concentration at half maximum velocity, n is the Hill coefficient, K si is the substrate inhibition constant, and k cat is the catalytic constant where
Pre-steady-state kinetics
In rapid quench-flow experiments, reactions were started by rapidly mixing 75 lL DhaA31 enzyme with 75 lL substrate solution (both in glycine buffer, pH 8.6) and quenched with 100 lL 0.8 M H 2 SO 4 after times ranging from 5 ms to 1.6 s in a QFM 400 instrument (BioLogic, Claix, France). Each quenched mixture was directly injected into 0.5 mL of icecold diethyl ether with 1,2-dichloroethane as an internal standard. After extraction, the diethyl ether layer containing non-covalently bound substrate and alcohol product was collected, dried on a short column containing anhydrous Na 2 SO 4 , and analyzed using an Agilent 7890 gas chromatograph (Agilent, Santa Clara, CA, USA) equipped with a DB-FFAP capillary column (30 m 9 0.25 mm 9 0.25 lm; Phenomenex, Torrance, CA, USA) and coupled to an Agilent 5975C mass spectrometer (Agilent). The amount of halide in the water phase was measured by ion chromatography using an 861 Advanced Compact chromatograph equipped with a Metrosep A Supp 5 column (Metrohm, Herisau, Switzerland). ORIGIN 6.1 software (OriginLab) was used to fit the kinetic data to burst Eqn (4).
Chemical synthesis
The TCP-like probe was synthesized using reagent grade reagents and solvents without further purification. Anhydrous solvents (dimethylformamide, dichloromethane, and ethanol) were used and stored over 4 A molecular sieves as received from commercial suppliers. All reactions were carried out in oven-dried glassware and under a nitrogen atmosphere unless stated otherwise. The flash column chromatography was carried on silica gel (230-400 mesh). TLC plates were visualized under UV and/or with KMnO 4 . Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 500 MHz spectrometer (with operating frequencies, 500. ) were collected using a Bruker Alpha FTIR spectrometer. The solid samples were measured neat and the oily samples as films. Details of the methodology applied in the chemical synthesis of the TCPlike probe are presented in the Dataset S1.
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